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a  b  s  t  r  a  c  t
In this  study,  we  evaluated  the  effect  of  growing  Dunaliella  tertiolecta  microalgae  using CO2 from  brewing
on  the  production  of lipid  and carotenoid-rich  biomass.  An  integrated  system  of microalgae  photobioreac-
tors and yeast  fermenters  was  used,  thus  providing  biological  CO2 continuously  to  the  microalgae  culture.
Yeast  cultures  were  ﬁrst carried  out  in  fermenters  using  synthetic  medium.  With  a  step-wise  increasing
glucose  concentration  from  10  to 60 g L−1, the  CO2 that  came  from  24  h yeast  cultivation  gave  the  highest
biomass  formation,  carotenoids  and  lipid  contents,  and  productivities  by  the microalgae.  Reproduction  of
these  experiments  using  beer  fermentation  instead  of  synthetic  medium  was  carried  out  using different
volumes  of  wort  coupled  to  microalgae  cultivations.  The  values  obtained  for  microalgae  cultures  when
using CO2 from  beer  fermentation  were  1.10  ±  0.05  g  L−1 of  biomass,  0.18 ±  0.01  g L−1 day−1 of biomass
productivity,  0.58  ± 0.06 day−1 speciﬁc  growth  rate, 4.74  ±  0.59  mg g−1 of carotenoids  per  biomass  dry
−1 −1 −1arbon dioxide
iological CO2
weight,  0.86  ± 0.06 mg  L day of  carotenoids  productivity,  and  135  ± 4 mg  g of  lipids.  These  values
are  almost  twice  as high  as the  values  observed  for control  cultivations  in  which  atmospheric  CO2 was
used,  showing  that  the integration  system  of  yeast  fermenters  and  microalgae  photobioreactors  is  an
interesting  alternative  to improve  biomass  formation  and  product  contents.  All  D. tertiolecta  cultures
showed  the  same  carotenoids  proﬁle,  being  lutein  the major  carotenoid  (46.7  ±  2.0%  of total  carotenoids).
©  2015  Elsevier  Ltd. All  rights  reserved.. Introduction
The emission of greenhouse gases is continuously increasing,
eaching in 2014 the highest value ever recorded, with carbon
ioxide (CO2) currently accounting for 60% of these emissions [1].
he amount of CO2 released during ethanol production, which is
 renewable fuel source, is very small when compared with the
olumes of CO2 produced in the combustion of fossil fuels or even
thanol. However, because of the increasing biofuels production
ollowing more restrictive regulations regarding CO2 pollution, the
apture of this natural product of fermentation would provide a
ositive balance of CO2 atmospheric emissions for ethanol use
gainst fossil fuels. Beer is the main alcoholic beverage consumed
n the world, and its production releases about 140 Mt  of CO2 every
ear, almost three times the amount of CO2 released in the produc-
ion of biofuels, and its purity reaches 99% [2].
∗ Corresponding author at: Food Science and Technology Institute, Federal Uni-
ersity of Rio Grande do Sul, Av. Bento Gonc¸ alves, 9500, PO Box 15090, ZC 91501-970
orto Alegre, RS, Brazil.
E-mail addresses: rrech@ufrgs.br, rrech.rosane@gmail.com (R. Rech).
ttp://dx.doi.org/10.1016/j.procbio.2015.03.012
359-5113/© 2015 Elsevier Ltd. All rights reserved.Carbon capture and storage technologies have been developed
to reduce the CO2 concentration in the atmosphere, but these tech-
niques usually require the use of chemicals and high energy costs,
and the captured CO2 needs to be stored to prevent its return
to the atmosphere [3]. In this context, the use of microalgae to
bioﬁxation of CO2 appears as an environmentally effective alterna-
tive to reduce this gas in the atmosphere through photochemical
reactions. Microalgae biomass is rich in carbohydrates, lipids, and
natural carotenoids such as -carotene and lutein [4,5]. Unicellular
microalgae grow faster and ﬁx about 10–50 times more CO2 than
terrestrial plants, consuming an average of 1.83 g of CO2 to produce
1 g of biomass [6–8].
The microalgae biomass can be considered nutraceutical
because it is rich in omega-3, omega-6, and omega-9 fatty acids and
carotenoids, being a vegan source of these compounds. The omega-
3 polyunsaturated fatty acid extracted from marine sources, such as
ﬁsh and algal oils, had an estimated global consumption of 123.8 kt
in 2013, worth around US$ 2.3 billion. Carotenoids are important
market nutraceuticals, selling an estimated US$ 1.2 billion glob-
ally by 2015. -Carotene, lutein, and zeaxanthin are carotenoids
found in high concentrations in some microalgae; on average, vary-
ing from 0.1% to 2% of the dry weight of biomass, however, in
9 ioche
t
L
w
r
h
a
t
l
m
l
2
b
t
f
o
I
t
t
s
A
g
y
b
m
b
s
b
t
o
s
2
2
f
o
B
T
5
1
o
i
r
1
[
H
p
c
s
1
N
1
o
b
d
p
e
(
o
d82 A.L. Chagas et al. / Process B
he genus Dunaliella,  these substances can reach up to 14% [5,9].
utein and zeaxanthin are xanthophylls of the group of carotenoids,
hich are associated with the treatment and prevention of age-
elated macular degeneration, cataracts, and atherosclerosis, also
aving antioxidant properties [10–12]. -Carotene and -carotene
re precursors of vitamin A and possess antioxidant properties
hat are related to cancer prevention [5]. -Carotene has the
argest share of carotenoid market, which is estimated at US$ 285
illion for 2015. The market value of lutein was US$ 233 mil-
ion in 2010, with estimated projections of US$ 309 million for
018 [12–14].
Among the advantages of using the integrated system of photo-
ioreactors and yeast fermenters is the reduction of costs by using
he high purity CO2 from the fermentation, eliminating the need
or gas storage and processing, as compressed CO2 represents 40%
f the cost of raw materials used for microalgae cultivation [15].
ntegrated systems using the CO2-enriched gas exit of aerobic cul-
ures to aerate autotrophic microalgae cultures were successfully
ested recently [16–18], and CO2 from bioethanol produced from
ugarcane fermentation was used for the continuous cultivation of
rthrospira platensis [19–21].
In this context, the aim of this research was to develop an inte-
rated system in order to collect the CO2 of beer fermentation using
east in microalgae photobioreactors (PBRs) to produce microalgae
iomass rich in carotenoids and lipids. Initially, the ability of the
icroalgae to metabolize CO2 from yeast fermentations was  tested
y coupling YPD yeast cultivations to photobioreactors. Later, the
imulation of an industrial plant, in which CO2 would come from
eer fermentation, was adopted, and the CO2 was provided to pho-
obioreactors from these systems. In all experiments, the kinetics
f microalgae growth and lipid and carotenoid formation were
tudied.
. Materials and methods
.1. Microalgae and culture medium
The marine microalga Dunaliella tertiolecta BE 003 was  obtained
rom the culture collection of the Department of Marine Biol-
gy, Fluminense Federal University (Niterói, Rio de Janeiro,
razil), where certiﬁed stocks are kept and can be requested.
he cells were maintained in 250 mL  Erlenmeyer ﬂasks with
0 mL  of culture medium f/2 [22] at 20 ◦C under photoperiods of
2/12 h (light/dark). The pre-cultures were prepared using 10 mL
f microalgae suspension inoculated in 200 mL  of f/2 medium
n 500 mL  Erlenmeyer ﬂasks. The ﬂasks were incubated in a
otatory shaker (28 ◦C, continuous illumination of 5.8 klx) for
2 days.
The PBR cultures were performed using modiﬁed f/2 medium
23], consisting of distilled water, 34 g L−1 natural sea salt (Red Sea,
ouston, TX, USA), 17 g L−1 of NaCl, 300 mg  L−1 of NaNO3, 1 mL  L−1
hosphate solution (5 g L−1 of NaH2PO4·H2O), 1 mL  L−1 of sili-
ate solution (30 g L−1 of Na2SiO3·9H2O), 1 mL  L−1 of trace metals
olution (9.8 mg  L−1 of CuSO4·5H2O, 22 mg  L−1 of ZnSO4·7H2O,
 mg L−1 of CoCl2·6H2O, 180 mg  L−1 of MnCl2·4H2O, 6.3 mg  L−1 of
a2MoO4·2H2O, 4.36 g L−1 of Na2EDTA, and 3.15 g of FeCl3·6H2O),
 mL  L−1 of vitamins solution (100 mg  L−1 of thiamine, 0.5 mg  L−1
f cyanocobalamin, and 0.5 mg  L−1 of biotin), and 1 mL  L−1 of TRIS-
uffer solution (50 g of TRIS, approximately 30 mL  of HCl and
istilled water to complete 200 mL  solution). Stock solutions were
repared using distilled water and autoclaved at 121 ◦C for 15 min,
xcept for the vitamin solution that was sterilized by microﬁltration
Sartorius Stedim Biotech, 0.22 m).  During cultivations, 1 mL  L−1
f phosphate solution and 1 mL  L−1 of trace metals solution were
aily added to the PBRs.mistry 50 (2015) 981–988
2.2. Cultivation of yeast in YPD medium
The yeast used in fermentations was the commercial Saccha-
romyces cerevisiae CAT-1 strain obtained from the BiotecLab culture
collection (Food Science and Technology Institute, Federal Uni-
versity of Rio Grande do Sul, Porto Alegre, Brazil). The yeast
was maintained on agar plates containing YPD medium (20 g L−1
glucose) at 4 ◦C. Fermentations were performed using modiﬁed
yeast-peptone-dextrose (YPD) medium containing 10 g L−1 of yeast
extract, 20 g L −1 of bacteriological peptone, and different glucose
concentrations (10, 20, 30, 40, 50, or 60 g L−1), depending on the
tests. All media were prepared using distilled water and were auto-
claved at 121 ◦C for 15 min. The pre-cultures were performed in
500 mL  Erlenmeyer ﬂasks containing 200 mL  of YPD medium, incu-
bated in an orbital shaker (180 rpm, 28 ◦C, 24 h). The pre-cultures
were diluted to an optical density of 1.0 at 600 nm and inoculated
10% (volume fraction) into the fermenters. The yeast fermentations
were performed in jacketed Duran bottles (2.0 L working volume),
at 28 ◦C, homogenized by a magnetic stirrer.
To determine the kinetics of CO2 formation, yeast fermentations
were carried out in 500 mL  Erlenmeyer ﬂasks containing 200 mL of
YPD medium (20, 40, or 60 g L−1 glucose), incubated in an orbital
shaker (180 rpm, 28 ◦C, 24 h). Samples were collected at 3 h inter-
vals for glucose and ethanol determinations. The CO2 production
was stoichiometrically estimated, considering that 1 mol  of CO2
was formed for every 1 mol  of ethanol produced. The kinetics of CO2
produced were derived in order to obtain the CO2 production rate
during fermentation. The glucose-to-ethanol yield (YED) was deter-
mined by linear regression of ethanol versus glucose concentration
curve.
2.3. Beer fermentation
Beer production was simulated using lager malt, hops nuggets
11% AM T-90, and S-33 lyophilized yeast (S. cerevisiae).  The malt
was grounded and mixed with infusion water at 1:2.5 ratio
(weight/volume), under the heating curve ranging from 20 to 78 ◦C
for 60 min. The wort was then clariﬁed through a stainless steel
sieve with recirculation and addition of water in the same volume
used for infusion at 76 ◦C. The clariﬁed wort was heated and, at the
start of boiling, 4 g L−1 of hops nuggets were added. The proteins
were removed during boiling using a strainer. Boil was kept for
60 min; after that, the wort was cooled to 20 ◦C using an ice bath
and immersion chiller and transferred to the fermenter, to which
0.5 g L−1 of yeast was added. The fermentations were performed in
Duran bottles (200 mL, 500 mL,  1.0 L, or 2.0 L); manual agitation and
aeration of the wort were performed for 2 min  at the beginning of
the process and then the bottles were kept at 20 ◦C in a thermostatic
bath without stirring. To evaluate CO2 formation kinetics, samples
were collected at 3 h intervals to determine ethanol concentration.
The CO2 production was  stoichiometrically determined as it was
explained earlier.
2.4. Integrated system of photobioreactors and fermenters
Microalgae were cultured in ﬂat-panel airlift PBRs ﬁlled with
2.4 L working volume [24]. PBRs were illuminated at the riser side
at 18.0 klx, using a panel of electronic lamps (12 × 13 W cool light).
The temperature was kept at 28 ◦C and airﬂow rate at 1 L min−1 of
ﬁltered compressed air (0.22 m Midisart®2000, Sartorius Stedim
Biotech). The fermenter gas exits were connected to the PBRs, so
that the CO2 produced by fermentations was  bubbled into the bot-
tom of the PBRs (Fig. 1). Each fermenter remained connected for
24 h (YPD cultures) or 48 h (wort fermentation) to the PBR accord-
ing to the experiments listed in Table 1. A control culture without
CO2 injection was  always performed along with the assays. All
A.L. Chagas et al. / Process Bioche
Fig. 1. Integrated system of photobioreactors and yeast fermenters: (1) thermo-
static bath; (2) and (3) water outlet for the inner jacket of the photobioreactors and
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ors; (6) rotameter; (7) atmospheric air line; (8) air ﬁlter; (9) yeast fermenters; (10)
agnetic stirrer; and (11) CO2 output from the fermenter to the photobioreactor.
xperiments were carried out in duplicates, except for the con-
rol experiments, which were carried out in quintuplicates, and the
esults represent the mean of experimental data.
Samples of PBRs were collected every 24 h for measurements of
iomass, nitrate, and total carotenoids. At the end of cultivations
about 190 h), the entire content of the bioreactor was centrifuged
10,000 × g, 10 min, 4 ◦C), the supernatant was discarded, and the
iomass was washed with distilled water and centrifuged again.
he resulting biomass was freeze-dried and stored at −18 ◦C for
he determination of lipid content and carotenoid proﬁle.
.5. Analytical procedures
Glucose and ethanol concentrations were determined by HPLC
Shimadzu, Japan), with a refractive index detector and a Bio-Rad
PX-87H column (300 mm × 7.8 mm)  using 5 mM sulfuric acid as
luent at 45 ◦C, ﬂow rate of 0.6 mL  min−1, and sample volumes of
0 L [25].Microalgae biomass, pH, nitrate, and total carotenoids were
etermined along PBR cultures. Biomass was measured by optical
ensity at 750 nm and correlated with dry cell weight. The pH was
easured using a pH indicator strip (Alkalit®, Merck, Germany),
able 1
ntegrated system of ethanol fermentation and photobioreactor.
Time of PBR culture (h) Glucose concentration of yeast culture (
YPD 30/72 YPD 
24 – – 
48  – – 
72  30 60 
96  30 60 
120  30 60 
144  30 60 
lucose concentration of the yeast culture and the start-up time of the different YPD cultmistry 50 (2015) 981–988 983
and the light intensity was  monitored using a digital light meter
(MS6610, Akso, Brazil). Daily samples of the PBRs were collected
and centrifuged (16,000 × g; 5 min), and the supernatant and the
pellet were stored separately (−18 ◦C). The nitrate concentration
was determined in the supernatant according to Cataldo et al. [26].
The total carotenoid content was determined spectrophotometri-
cally by extracting cell pellets with acetone [27].
The freeze-dried biomasses collected at the end of cultiva-
tions were evaluated for lipid content and carotenoid identiﬁcation
and quantiﬁcation. Lipids were determined using the Bligh and
Dyer method [28]. Identiﬁcation of carotenoids was carried out
using HPLC, after extraction of carotenoids, following the method
of Mercadante et al. [29]. HPLC analysis was performed using
an Agilent 1100 Series HPLC system (Waldbronn, Germany),
equipped with a quaternary pump system (Waters 2695 series)
and a UV/VIS detector (Waters 2487 Dual series I). The col-
umn  used was a 250 mm × 4.6 mm i.d. (3 m particle size),
C30-reversed phase polymeric column (YMC, Japan). The mobile
phase was water/methanol/tert-methyl butyl ether (MTBE) (J.T.
Baker®, Mallinckrodt, St Louis, MO,  USA), starting at 5:90:5, reach-
ing 0:95:5 in 12 min, 0:89:11 in 25 min, 0:75:25 in 40 min, and
ﬁnally 0:50:50 after a total of 60 min, with a ﬂow rate of 1 mL  min−1
at 33 ◦C [30].
3. Results and discussion
3.1. Kinetics of ethanol and CO2 production in YPD and wort
fermentations
Fig. 2a and b shows the kinetics of CO2 released and CO2 pro-
duction rate by yeast fermentation in YPD medium and wort,
respectively. The wort fermentation released 33.4 g L−1 of CO2,
whereas YPD fermentation released 14.3 and 27.0 g L−1 of CO2 in
the cultures with 20 and 60 g L−1 of glucose, respectively. How-
ever, the CO2 production rate was  lower in wort fermentation
because in YPD, the CO2 production stopped at 18 h of cultivation,
whereas in wort it continued producing until 30 h of cultivation.
This result could be related to the lower fermentation temperature
used for beer production (20 ◦C), compared with the YPD fermen-
tation (28 ◦C). The highest CO2 production rates occurred between
10 and 18 h of cultivation in YPD, depending on the initial glucose
concentration, whereas in wort fermentation, it occurred between
24 and 27 h of culture. The average glucose-to-ethanol yield (YED) in
YPD cultures was determined as 0.46. This value was used to deter-
mine the equivalence of CO2 production between YPD and wort
fermentation.
3.2. Integrated photobioreactor with yeast fermentation using
YPD mediumFour different integration schemes between yeast fermenta-
tions and PBRs were tested, and the results were compared
against a control culture, without CO2 injection. In all microalgae
g L−1)
60/72 YPD 30/24 YPD (10–60)/24
30 10
30 20
30 30
30 40
30 50
30 60
ures coupled to the photobioreactors, along the microalgae cultivation.
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fig. 2. Kinetics of CO2 accumulated and CO2 production rates. (a) Growth of S. cerev
)  60 g L−1. (b) Wort fermentation. Standard deviations of CO2 accumulated and C
nd 0.067 g L−1 h−1 (40 g L−1); 0.69 g L−1 and 0.099 g L−1 h−1 (40 g L−1); and 0.830 g L
ultures enriched with CO2 from YPD fermentation (Fig. 4), higher
iomasses, carotenoid concentration, and faster nitrogen consump-
ion were observed in relation to controls (Fig. 3).
Initially, the integration between PBRs and YPD fermentation
as started after 72 h of microalgae cultivation, allowing time to
ncrease the microalgae biomass capable of ﬁxing the incoming
O2, avoiding, in this way, excessive medium pH decrease (Fig. 4,
PD 30/72 and YPD 60/72). The pH of the microalgae cultures was
easured coinciding with the highest peaks of CO2 production in
he yeast cultivations. The variation of pH in microalgae cultures
s the result of bicarbonate–carbonate equilibrium, which depends
n the balance between CO2 supplied in the inlet gas stream and
he CO2 uptake rate of the microalgae [18]. The pH of CO2-enriched
ultures oscillated between 7.0 and 9.0. In the control cultivation,
owever, the pH tended to alkalinize the medium, starting at 8.0
nd stabilizing at 9.0 after 72 h of cultivation, because the con-
umption of nitrate as nitrogen source by the microalgae causes
n increase in pH [31]. As the pH of CO2-enriched cultures did not
all below 7.0, new integrated cultures were performed starting the
east fermentation at the 24 h point of the microalgae cultivation
Fig. 4, YPD 30/24 and YPD (10–60)/24). The pH of these microalgae
ultures fell to 6.5 after the ﬁrst two yeast bioreactors were coupled
o the PBRs (24 and 48 h), indicating an excess of CO production2
y yeast compared with CO2 uptake by microalgae.
In the integrated systems, nitrogen was consumed faster
hen compared with the control culture, matching the increased
ig. 3. Kinetics of control cultivations of D. tertiolecta in photobioreactors without
he  addition of CO2 from yeast fermentations. Standard deviations of the results
ere 0.25 for pH, 0.052 g L−1 for biomass, 3.1 mg L−1 for nitrogen, and 0.16 mg g−1
or carotenoids.AT-1 in YPD medium with glucose concentrations of ()  20 g L−1, () 40 g L−1, and
duction rate were, respectively, 1.41 g L−1 and 0.106 g L−1 h−1 (20 g L−1); 0.67 g L−1
 0.040 g L−1 h−1 (wort).
availability of carbon source and biomass production. The
carotenoid content of the biomass increased until nitrogen deple-
tion. At the beginning of cultivation, the cell concentration was  low
and the light fully penetrated the culture, enabling photosynthesis.
As the biomass concentration increased, the cells started shading
each other; hence carotenoid production increased to maintain
high cellular light uptake. After nitrogen depletion, carotenoid mass
fraction tended to stabilize, or even decrease, whereas biomass con-
centration continued to increase, possibly by synthesizing lipids
and carbohydrates, reaching its highest concentration between 144
and 168 h of cultivation.
The highest biomass concentration and the carotenoid content
were, respectively, 1.35 g L−1 and 5.29 mg  g−1 in YPD (10–60)/24
culture. In this culture, the CO2 was added gradually, in parallel with
the glucose concentration in the YPD medium, which increased by
10 g L−1 every 24 h. These culture conditions were chosen to be used
in the wort fermentation. The stepwise addition gave better results
because as the microalgae were grown in the batch operation mode,
its concentration was  low at the beginning of the culture, and when
glucose was  in excess the CO2 was then produced more than the
consumption rate by the microalgae. This excess CO2 then led to the
decrease in the pH, which is not suitable for microalgae growth.
Therefore, when the glucose concentration was increased in the
stepwise mode, the CO2 was produced in the same rate of CO2 con-
suming by the microalgae and this enhanced the performance of
the microalgae.
3.3. Integrated photobioreactor and wort fermentation
To reproduce the CO2 released by YPD (10–60)/24 by the fer-
mentation using wort, the equivalence of CO2 production between
these two systems was  determined. Taking into consideration the
glucose-to-ethanol yield (0.46), 10 g L−1 of glucose in 2 L of YPD
medium produces the same CO2 mass of 257 mL  of wort. However,
the wort fermentation is slower than that of YPD, thus when using
the wort system, the ﬁrst fermenter was integrated at the begin-
ning of microalgae cultivation and each yeast fermenter remained
coupled for 48 h to the PBR. In order to simulate conditions of
increased CO2 availability achieved in the YPD (10–60)/24 system,
the wort fermentation was  carried out by varying the volume of
wort, increasing it by 257 mL  every 24 h. Therefore, the ﬁrst wort
fermenter had a volume of 257 mL.  After 24 h, a second fermenter
with 514 mL  of wort was coupled to the microalgae bioreactor and
so on, until six yeast fermenters were coupled.
The pH of the microalgae cultures remained at 7.0 between
24 and 156 h of cultivation, showing that CO2 had been always
available in the PBRs (Fig. 5). This behavior was different from the
PBR coupled with YPD fermentations, in which the pH oscillated
between 6.5 and 9.0.
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nig. 4. Cultivation of D. tertiolecta in photobioreactors enriched with CO2 from YPD 
t  which the fermenters were coupled to the photobioreactors. Standard deviation
.031  mg  g−1 for carotenoids.
.4. Biomass, carotenoid, and lipids production and carotenoid
dentiﬁcation
Table 2 presents the biomass concentration, biomass produc-
ivity, and the speciﬁc growth rate of the all microalgae cultures.
ig. 5. Cultivation of D. tertiolecta in photobioreactors enriched with CO2 from wort
ermentation. The arrows indicate the time at which the fermenters were cou-
led. Standard deviations of the results were 0.049 g L−1 for biomass, 3.1 mg L−1 for
itrogen, 0.17 mg  g−1 for carotenoids, and pH showed no deviation., YPD 60/72, YPD 30/24, and YPD (10–60)/24 cultures. The arrows indicate the time
he results were 0.008 for pH, 0.014 g L−1 for biomass, 1.4 mg L−1 for nitrogen, and
All CO2-enriched cultures showed higher biomass concentrations
compared with the control culture; however, they did not differ
among themselves. YPD (10–60)/24 culture showed the highest
biomass productivity, showing that the CO2 production proﬁle
affected microalgae cultivation. The PBR coupled to wort fermen-
tation, where the pH remained stable at 7.0, showed the highest
speciﬁc growth rate, followed by YPD cultures coupled after 72 h
of microalgae growth, where the pH oscillated between 7.0 and
9.0. In YPD 30/24 and YPD (10–60)/24 cultures, pH oscillated and
fell to 6.5, negatively affecting microalgae growth. The speciﬁc
growth rate of these cultures showed no signiﬁcant differences
from control culture, which showed the lowest speciﬁc growth
rate. These results support the importance of pH control by a bal-
ance between CO2 supply and consumption, and that pH oscillation
impairs microalgae growth.
Table 2
Biomass (X), biomass volumetric productivitiy (PX), and maximum speciﬁc growth
rate (máx) of D. tertiolecta grown in photobioreactors enriched with CO2 from
ethanol fermentation.
Culture X (g L−1) PX (g L−1−day−1) máx (day−1)
Control 0.66 ± 0.07b 0.11 ± 0.002b 0.31 ± 0.018d
YPD 30/72 1.10 ± 0.01a 0.16 ± 0.006ab 0.49 ± 0.064abc
YPD 60/72 1.23 ± 0.01a 0.18 ± 0.008ab 0.44 ± 0.019abcd
YPD 30/24 1.20 ± 0.16a 0.16 ± 0.016ab 0.38 ± 0.004cd
YPD (10–60)/24 1.35 ± 0.11a 0.22 ± 0.019a 0.39 ± 0.016bcd
Beer 1.10 ± 0.05a 0.18 ± 0.011ab 0.58 ± 0.056a
Same letters in the same column show results without signiﬁcant differences among
themselves by Tukey’s test with a signiﬁcance level of 5%.
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Table 3
Carotenoid content in biomass (C), carotenoid volumetric productivity (PC), and lipid
content in biomass of D. tertiolecta grown in photobioreactors enriched with CO2
from ethanol fermentation.
Culture C (mg  g−1) PC (mg  L−1 day−1) Lipids (mg  g−1)
Control 3.89 ± 0.34a 0.40 ± 0.067b 86 ± 5b
YPD 30/72 3.98 ± 0.39a 0.61 ± 0.058ab 116 ± 8a
YPD 60/72 4.05 ± 0.62a 0.67 ± 0.095ab 137 ± 2a
YPD 30/24 4.88 ± 0.14a 0.76 ± 0.047a 135 ± 8a
YPD (10–60)/24 5.29 ± 0.67a 0.83 ± 0.037a 140 ± 5a
Beer 4.74 ± 0.59a 0.86 ± 0.059a 135 ± 4a
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Fig. 6. Typical HPLC chromatogram of carotenoids extracted from microalgae cul-
T
C
Same letters in the same column show results without signiﬁcant differences among
hemselves by Tukey’s test with a signiﬁcance level of 5%.
Rosenberg et al. [7] studied the growth of Chlorella vulgaris
n raceway ponds fed with CO2 from ethanol bioreﬁneries and
stimated a productivity of 20 g m−2 day−1, considered high for
pen systems. A. platensis was grown in tubular PBRs, fed-batch
ultivation, using urea as a nitrogen source and CO2 from the
ermentation of wort of sugarcane molasses. In this case, the maxi-
um  biomass obtained was 2960 ± 35 g m−3, and the productivity
as 425 ± 5.9 g m−3 d−1 [32].
Table 3 shows the highest carotenoid content, carotenoid
roductivity, and lipid content of microalgae biomasses. There
s a trend to increase the biomass carotenoid content in CO2-
nriched cultures. The carotenoid productivity of microalgae
ultures increased as the CO2 production from yeast fermentations
tarted earlier. The highest productivities were observed in photo-
ioreactors coupled to wort fermentation (coupled at the beginning
f the culture) and YPD (10–60)/24 and YPD 30/24. Their produc-
ivities were twice as high as those of the control.
The CO2-enriched cultures also showed higher lipid content
ompared with the control. Muradyan et al. [33] reported a lipid
ontent of 133.1 mg  g−1 (dry weight) of Dunaliella salina in batches
nder high CO2 concentrations (10%), of which large fractions were
mega-3, 6, and 9 fatty acids This value was higher than that
btained by the same authors using 2% of CO2 and is similar to
hose found in this study using biological CO2. The enhancement of
ipid content in microalgae biomass using CO2-enriched air streams
rom biological origin was also reported for Chlorella protothecoides
from 4.9% to 6.2% of dry biomass) [18] and for Chlorella sp. KKU-S2
from 17.8% to 19.4%) [16]. Cheng et al. [34] reported that Chlorella
inutissima showed a substantial increase in lipid content when
t was grown in 2% CO2, but the lipid contents remained relatively
onstant for the other three Chlorella species (C. vulgaris, Chlorella
orokiniana, and Chlorella variabilis). The authors stated that each
hlorella strain showed a different response to CO2 concentrations
n terms of the percentage of cell components. The reasons for the
ifferences in the proﬁle of starch and lipid accumulation and cell
all carbohydrates formation must certainly be strain-speciﬁc and
re still unclear. The general results obtained in this work com-
ared well even against cultures where commercial CO2 was used.
n an unpublished experiment carried out by our group, using the
ame microalgae growing under exactly the same environmental
able 4
arotenoids identiﬁed in D. tertiolecta (mg  g−1) grown in photobioreactors enriched with
Culture Lutein -carotene 
Control 1.88 ± 0.33b 0.78 ± 0.07b
YPD 30/72 1.83 ± 0.26ab 0.89 ± 0.09ab
YPD 60/72 1.94 ± 0.42ab 0.86 ± 0.13ab
YPD 30/24 2.13 ± 0.09ab 1.18 ± 0.03ab
YPD (10–60)/24 2.61 ± 0.47a 1.34 ± 0.17a
Beer 2.14 ± 0.38ab 1.02 ± 0.13ab
Proportion 46.7 ± 2.0% 22.5 ± 1.6% 
ame letters in the same column show results without signiﬁcant differences among themtivation with CO2 from wort fermentation. Numbered peaks indicate (1) lutein, (2)
zeaxanthin, (3) -carotene, and (4) -carotene.
conditions as in this research, but bubbling commercial CO2, we
obtained the following results: biomass, 1.27 g L−1; biomass vol-
umetric productivity, 0.18 g L−1 day−1; maximum speciﬁc growth
rate, 0.66 day−1; carotenoids contents, 4.58 mg g−1; and lipids con-
tent, 103.3 mg  g−1.
The carotenoids lutein, -carotene, -carotene, and zeaxanthin
were identiﬁed and quantiﬁed by HPLC analysis. Fig. 6 shows a typ-
ical chromatogram of carotenoid extract from D. tertiolecta.  Table 4
compares the carotenoid content of the different cultures per-
formed in this study. There were no signiﬁcant differences among
cultures in terms of carotenoids proportion, and the average lutein
content was approximately twice as much as the -carotene con-
tent. However, the lutein, -carotene, and -carotene contents
were higher in the cultures that were coupled earlier to yeast
cultures (YPD 30/24, YPD (10–60)/24, and with wort). Fu et al.
[35] studied carotenoid biosynthesis and adaptive evolution in D.
salina using light emitting diodes under stress conditions and com-
bined red light and blue LEDs, in tubular PBR bubble column, fed
with 90 mL  min−1 of air, with 2.5% of CO2. The authors obtained
approximately 1.6% of carotenoids (dry weight cells) divided in
approximately 0.8% of lutein, 0.75% of -carotene, and the remain-
der represented by zeaxanthin and lycopene. Repeated batches
of D. salina were cultivated by García-González et al. [36], using
50 L h−1 of air, 1% (volume) of CO2, pH 7.5 ± 0.5, in tubular airlift
PBRs under solar luminosity. The authors reported a productiv-
ity of 102.5 ± 33.1 mg  m−2 day−1 for a total carotenoid content of
approximately 20 mg  L−1 of -carotene and 19 mg  L−1 of lutein. In
both studies with D. salina,  the concentrations of -carotene and
lutein were comparable, contrasting to our results that show lutein
being produced in higher amounts than -carotene. Ahmed et al.
[37] determined carotenoid proﬁle for various samples of microal-
gae that were grown in f/2 medium. Cells were harvested at the
end of the exponential growth phase. The authors found higher
 CO2 from ethanol fermentation.
Zeaxanthin -carotene Others
0.37 ± 0.03a 0.036 ± 0.003b 0.81 ± 0.07a
0.34 ± 0.03a 0.043 ± 0.004ab 0.88 ± 0.09a
0.41 ± 0.06a 0.033 ± 0.005b 0.80 ± 0.12a
0.42 ± 0.01a 0.064 ± 0.002a 1.09 ± 0.03a
0.55 ± 0.07a 0.062 ± 0.008a 0.73 ± 0.09a
0.45 ± 0.06a 0.059 ± 0.007a 1.07 ± 0.13a
9.50 ± 0.66% 1.10 ± 0.16% 20.2 ± 2.8%
selves by Tukey’s test with a signiﬁcance level of 5%.
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roportions of lutein compared with -carotene for D. salina and
. tertiolecta,  similar to the results in this work.
As shown in our work, the control of CO2 supply for microalgae
ultivations can be successfully achieved by keeping an adequate
ate between the volumes of wort fermentation and the PBR,
ncreasing the microalgae biomass productivity and increasing lipid
nd carotenoid contents of the biomass. The direct bubbling of
O2 from anaerobic biological source without mixing it with inlet
ir streams increases the mass transfer of CO2 between gas and
iquid phases. The use of separated bioreactors for heterotrophic
O2 production and autotrophic microalgae cultivation enables
he optimization of each bioreactor separately. The heterotrophic
ioreactor can be anaerobic, as proposed in our work, or aer-
bic, as proposed in other studies [16–18]. The two biomasses
an be processed separately to yield different products [38]. The
ntegrated system between two bioreactors clearly possesses sig-
iﬁcant advantages over processes that use mixed cultures of
utotrophic and heterotrophic microorganisms in the same biore-
ctor, as it is difﬁcult to optimize both cultures, also making difﬁcult
he separation of different products.
. Conclusions
The integrated culture system between yeast fermentation and
icroalgae photobioreactors proved to be an interesting and envi-
onmentally attractive process, because the CO2 released during
eer or ethanol production is recycled by the microalgae, increasing
heir biomass and lipid and carotenoid contents. The biomass and
arotenoid productivities were higher in biological CO2-enriched
ultures compared with the control culture without CO2 and even
ith cultures of the same microalgae where commercial CO2 was
upplied. The CO2 proﬁle offered to the PBRs affected the culture
H, with CO2 excess, mainly at the beginning of microalgae cul-
ure, causing pH to drop, negatively affecting the speciﬁc growth
ate of the microalgae biomass. However, adequate CO2 enrich-
ent earlier in the PBRs allowed for higher carotenoid contents
n the biomass. The microalgae culture integrated to wort fer-
entation showed the highest speciﬁc growth rate among all
ested.
The use of integrated systems between photobioreactors and
east fermentation is an efﬁcient alternative to recycle the CO2
eleased during ethanol or beer production to obtain microalgae
iomass that can be used as food supplement and food ingredient.
his technology meets environmental concerns to reduce green-
ouse gas emissions by optimizing the growth of photosynthetic
icroorganisms, converting CO2 into highly valuable compounds
uch as carotenoids and polyunsaturated fatty acids.
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